Temperature-Dependence of the Resistivity 
of a Dilute 2D Electron System in High Parallel Magnetic Field 
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We report measurements of the resistance of silicon MOSFETs as a function of temperature in 
high parallel magnetic fields where the 2D system of electrons has been shown to be fully spin- 
polarized. In a field of 10.8 T, insulating behavior is found for densities up to n s » 1.35 x 10 11 
cm~ 2 ~ 1.5n c ; above this density the resistance is a very weak function of temperature, varying less 
than 10% between 0.25 K and 1.90 K. At low densities p-too more rapidly as the temperature is 
reduced than in zero field and the magnetoresistance Ap/p diverges as T — ► 0. 



PACS numbers: 72.15.Gd; 73.25.+i; 73.40. Qv; 73.50.Jt 



A great deal of interest is currently focussed on the 
behavior of dilute strongly interacting two-dimensional 
(2D) systems of electrons and holes. The resistance of 
these materials displays strongly insulating behavior be- 
low some critical density, n c , above which metallic tem- 
perature dependence is observed, suggesting that there is 
a metal-insulator transition and an unexpected metallic 
phase in two dimensions Q . One of the most interest- 
ing properties of these dilute 2D systems is their enor- 
mous positive magnetoresistance in reponse to magnetic 
fields applied parallel to the plane of the electrons. As 
the field is raised the resistivity increases dramatically 
by several orders of magnitude, the total change depend- 
ing on density and temperature, and then saturates to 
a new field-independent plateau value above a density- 
dependent field H sat • From an analysis of the posi- 
tions of Shubnikov-de Haas oscillations in tilted magnetic 
fields, Okamoto et al. have argued that the magnetic 
field above which the resistivity saturates is the field re- 
quired to fully polarize the electron spins. A more direct 
demonstration of the onset of complete spin alignment 
for Hu H sat has recently been provided by small-angle 
Shubnikov-de Haas measurements of Vitkalov et al. || . 
Thus, the value of the resistance appears to be deter- 
mined by the degree of spin polarization of the 2D elec- 
tron system. 

The temperature dependence of the resistance of di- 
lute 2D systems has been measured in the absence of a 
magnetic field in a number of different materials. In this 
paper, we report measurements of the temperature de- 
pendence of the resistivity of high-mobility silicon MOS- 
FETs in a high magnetic field of 10.8 T applied parallel 
to the plane of the electrons. 

Measurements were made on two silicon MOSFETs of 
mobility approximately 20, 000V^/cm 2 at 4.2 K using a 
gate to control electron densities between 0.64 x 10 11 



Contact resistances were 
minimized by using a split-gate geometry that allows a 
higher electron density in the vicinity of the contacts than 
in the 2D system under investigation. DC four-probe 
methods were used, and excitation currents were kept to 
a minimum to avoid heating of the electrons and insure 
that measurements were taken in the linear I-V regime. 
Data were taken in a 3 He Oxford Heliox system for tem- 
peratures between 0.25 K and 1.90 K in magnetic fields 
to 10.8 T. The sample was aligned parallel to the mag- 
netic field by using a rotating platform to minimize the 
transverse Hall voltage. 

The resistance at T = 0.25 K of a silicon MOSFET 
is shown in the inset to Fig. 1 for various electron den- 
sities as a function of magnetic field applied parallel to 
the plane of the electrons. In agreement with earlier find- 
ings, the resistance increases with magnetic field and lev- 
els off to a constant value above a magnetic field, H sat 
which increases with electron density. A scaling analy- 
sis similar to that recently applied by Pudalov et al. U 
indicates that a field of 10.8 T is sufficient to reach the 
high-field saturated regime for electron densities up to 
re 2.4 x 10 11 cm- 2 . 

The main part of Fig. 1 shows the resistance in a 
parallel magnetic field Hu = 10.8 T as a function of 
temperature for nine different electron densities rang- 
ing from 0.92 x 10 11 cm~ 2 to 2.03 x 10 11 cm" 2 . Fol- 
low electron densities the resistance increases with de- 
creasing temperature, and the system is insulating, while 
for higher densities the resistance is nearly independent 
of temperature. The change from strongly-insulating to 
weak temperature dependence occurs at an electron den- 
sity w 1.35 x 10 11 cm~ 2 or w 1.5n c (n c is the critical 
density in zero field). We note that the resistance is still 
in the saturated regime at Hu — 10.8 T at this density. 
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FIG. 2. Resistivity on a log scale versus 
rp-o.7 f or e i ec t r on densities (from the top): 
0.817,0.831,0.845,0.859,0.873,0.887,0.914 x 10 11 
cm~ 2 . The inset shows curves for n s — 0.817 and 
0.845 x 10 11 cm" 2 plotted as a function of T" 1 / 2 , 
indicating that the data do not fit a straight line cor- 
responding to Efros-Shklovskii variable-range hop- 
ping. 



FIG. 1. Resistivity in a parallel field of 10.8 
T plotted on a logarithmic scale as a function 
of temperature for electron densities (from top): 
0.91, 1.06, 1.20, 1.33, 1.40, 1.47, 1.54, 1.61, 2.03 x 10 11 
cm~ 2 . The critical density n c w 0.84 x 10 11 cm~ 2 . 
The inset shows the resistivity as a function of mag- 
netic field applied parallel to the electron plane of 
a silicon MOSFET with different electron densities, 
as labelled. Except for the top curve, all densities 
shown in the inset are above n c ss 0.84 x 10 11 cm" 2 . 
The temperature T = 0.25 K. 



We now examine the insulating behavior in high 
fields in more detail. For low electron densities, 
Fig. 2 shows the logarithm of the resistance mea- 
sured in an in-plane magnetic field of 10.8 T plotted 
as a function of T~°- 7 . The data are consistent with 
straight lines; the resistance in high magnetic field can 
thus be approximated by the expression p(H sat ,T) cx 
exp (To/T) 07 . In contrast, the resistance of low- 
density silicon MOSFETs in the absence of a mag- 
netic field has been found to obey Efros-Shklovskii 
variable-range hopping, p(H — 0,T) cx exp (To/T) 1 / 2 
pof . To illustrate the difference, the inset to Fig. 2 



shows that the high field data do not fall on straight 
lines when plotted as a function of T" 1 / 2 . Instead, the 
resistance deviates progressively upward as the temper- 
ature is reduced (i. e., as T -1 / 2 increases), indicating 
that it diverges more rapidly in high field than it does in 
zero field. Very similar behavior was found by Shlimak et 
al. ]ll| in delta-doped GaAs/AlGaAs heterostructures, 
where the resistance in high fields was fitted to exponen- 
tially activated variable range hopping with an exponent 
of approximately 0.8. As was noted by these authors, 
the experimentally observed resistivity can be fitted to 
the variable-range hopping form by increasing the value 
of the exponent above 1/2 or, alternatively, by using a 
prcfactor that depends on temperature. 

The temperature-dependence of the system contain- 
ing equal numbers of spin-up and spin-down electrons 
is thus clearly different from the behavior observed 
when the spins are fully polarized. Although a num- 
ber of explanations have been proposed to account for 
the strong magnetoresistance observed for electron den- 
sities on both sides of the zero-field metal-insulator 
transition p2|-Q, few of these theories have consid- 
ered the effect of a magnetic field on the temperature- 
dependence of the resistivity. The value of the expo- 
nent x in the exponentially activated hopping resistivity, 
p oc exp(T /T) x , is known to depend on the form of 
the density of states near the Fermi energy. Specifi- 
cally, a constant density of states yields Mott hopping 
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FIG. 3. Resistivity in a field of 10.8 T as a func- 
tion of temperature for high electron densities, as 



metal-insulator transition, Kravchenko and Klapwijk ]2Q] 
have recently demonstrated an increase in the resistiv- 
ity of more than four orders of magnitude in response 
to an in-plane magnetic field; the magnetoresistance is 
expected to be even larger at still lower temperatures. 
The results reported in the present paper imply that 
the magnetoresistance actually diverges in the limit of 
zero temperature. Since the resistance in high fields, 
p(H sa t) oc exp (To/T) 7 , diverges more strongly than 
in zero field, p(H = 0)) oc exp (To/T) 1 / 2 , the magne- 
toresistance, [R(H sat ) - R(H = 0)}/R(H = 0), goes to 
infinity as T — > 0. 
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(a; = 1/4 in 3D, x = 1/3 in 2D), a soft parabolic 
Coulomb gap gives x = 1/2 in any dimension, and x = 1 
obtains for a "hard" gap where the density of states is 
zero over some range of energy near Ep. Kurobe and 
Kamimura pointed out that by aligning the spins of 
the electrons, a magnetic field supresses hops between 
singly-occupied states (as well as from doubly-occupied 
to unoccupied states). This is reflected in the shape of 
the density of states near the Fermi energy, with conse- 
quent changes in the exponent x and the temperature 
dependence. This possibility could be tested through 
transport and simultaneous tunneling measurements to 
determine the single-particle density of states near Ep. 

The magnetoresistance is larger for higher mobility 
samples, it is known to be bigger for lower electron 
densities, and it increases with decreasing temperature. 
Through measurements at 35 mK in high-mobility sili- 
con MOSFETs with electron densities near the zero-field 



0.1 - 





H = a 


10.8 T 


— b : 


: io.8 1 / 




. . ,,„^. ...... ,j 




10.8 T d 





0.5 1 1.5 2 2.5 

Temperature (K) 

FIG. 4. Resistance versus temperature in zero field 
and in 13=10.8 T for comparable values of resistance 
R. The electron densities for curves a through d are 
1.58,2.06,2.34, and 2.75 x 10 11 cm" 2 . 

We now briefly consider the behavior of the resistance 
in high fields for electron densities above 1.35 x 10 11 
cm~ 2 . As shown in Figs. 1 and 3, the resistance for high 
densities depends very weakly on temperature, varying 
by less than 10% between 0.25K and 1.90K. As the elec- 
tron density is raised, the resistance first decreases with 
decreasing temperature (n s = 2.15 x 10 11 cm~ 2 ), then in- 
creases with decreasing temperature (2.56 x 10 11 cm -2 ), 
and then again decreases with decreasing temperature 
at very high density. These changes are all quite small, 
however, and the main feature is the absence of strongly 
localized behavior at these densities. The magnitude of 
the temperature dependence is comparable with that ex- 
pected for quantum corrections to the Drude conductiv- 
ity. 

Perhaps not surprising is that localization occurs for an 
electron density where the resistivity is on the order of 
h/e 2 . Note, however, that entry into the strongly local- 
ized regime takes place at p w 0.6 to 0.7/i/e 2 in high field, 
while the metal-insulator transition in zero field occurs at 
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a resistivity on the order of 2 or 3/i/e 2 . Using the expres- 
sion for the Drude conductivity, p = h/e 2 x 2/ (g v g s Kpl), 
(here g v and g s are the valley and the spin degeneracies, 
respectively) these resistivities correspond to Kpl sa 1.4 
to 1.7 in high field and Kpl ea 0.18 to 0.25 in zero 
field. Although the critical resisistivity and Kpl differ for 
different material systems (silicon versus GaAs/AlGaAs 
heterostructures, for example), and some variation is 
known to occur for a given material depending on mobil- 
ity, our data are obtained for one and the same sample so 
that the change is solely due to the application of a par- 
allel magnetic field. Localization is expected at Kpl w 1, 
which is roughly consistent with the high field behavior. 
In contrast, one would expect localization to be well es- 
tablished in zero field at Kpl w 1/5. This suggests that 
the process leading to localization is different in the two 
cases. 

It is important to note that the value of the resistance 
does not by itself determine the size of the temperature 
dependence plfl . This is illustrated in Fig. 4, where 
the resistivity in zero field at one specific density is com- 
pared with the temperature dependence of the resistivity 
in high field at comparable values of resistance. In con- 
trast with the strong metallic temperature-dependence 
found in the absence of a magnetic field, the resistance 
varies only minimally with temperature at high electron 
densities in high magnetic fields. Confirming earlier find- 
ings [0, our data show that a magnetic field suppresses 
the strong metallic behavior observed in zero field. 

To summarize, we report measurements of the re- 
sistance of silicon MOSFETs for electron densities be- 
tween 0.64 x 10 11 cm~ 2 and 3.60 x 10 11 cm -2 at tem- 
peratures between 0.25 K and 1.9 K in a parallel mag- 
netic field of 10.8 T (a field sufficient to fully polarize 
the spins of the electrons for densities up to 2.4 x 10 11 
cm -2 ). For low electron densities, the resistance di- 
verges more rapidly with decreasing temperature than 
it does in zero field: in contrast with Efros-Shklovskii 
variable-range hopping, p oc exp(To/T) x , with exponent 
1 = 1/2 found in zero field, it can be fit to the same 
form but with an exponent x — 0.7. The magnetoresis- 
tance [R{H sat ) - R(H = 0)]/R(H = 0) thus diverges as 
T — > 0. Above w 1.35 x 10 11 cm~ 2 , a density for which 
10.8 T is well above the field necessary to fully polarize 
the electron spins, the resistance depends very weakly on 
temperature, varying less than 10% between 0.25 K and 
1.90 K. The temperature dependence of the resistance in 
high field thus differs from its zero-field behavior for all 
electron densities in silicon MOSFETs. 
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